Rabbits, ages 4-24 weeks, were injected with saline or thyroxine (150 ^g/kg) for 7 days, and force-velocity curves were generated using papillary muscles from these hearts by a method described previously. In addition, the structure and relative amounts of myosin isozymes from papillary muscles and from 3-to 5-mg segments of the left and right ventricular free wall were analyzed by polyacrylamide gel electrophoresis under native and denatured conditions. We found that rabbit papillary muscles may contain up to three isozymic forms of myosin (V a , V2, and V 3 ) and that their relative amounts change with age of the rabbit and with thyroxine treatment. There were no differences between papillary muscles and ventricular free wall in the molecular weight of light chaini (27,000) and light chain 2 (21,500) of heavy chain,, or in the peptide map of heavy chain,, nor were there any differences between papillary muscles and the ventricular free wall in the molecular weight of light chaini (27,000) and light chain 2 (21,500) of heavy chain,j or in the peptide map of heavy chain«. However, the relative amounts of myosin isozymes in the ventricular free walls and papillary muscles may not be identical within the same heart. Analysis of the force-velocity curves indicated that the speed of papillary muscle shortening is correlated with the relative amount of V! myosin present in each papillary muscle. Papillary muscles that contain 100% V! myosin shorten, under zero load, approximately six times faster than papillary muscles that contain 100% V 3 myosin. Our results indicate that changes in the relative amounts of myosin isozymes are responsible, at least in part, for sustained alterations in the speed of papillary muscle shortening. (Circ Res 54: 586-594, 1984) 
SUMMARY. Rabbits, ages 4-24 weeks, were injected with saline or thyroxine (150 ^g/kg) for 7 days, and force-velocity curves were generated using papillary muscles from these hearts by a method described previously. In addition, the structure and relative amounts of myosin isozymes from papillary muscles and from 3-to 5-mg segments of the left and right ventricular free wall were analyzed by polyacrylamide gel electrophoresis under native and denatured conditions. We found that rabbit papillary muscles may contain up to three isozymic forms of myosin (V a , V2, and V 3 ) and that their relative amounts change with age of the rabbit and with thyroxine treatment. There were no differences between papillary muscles and ventricular free wall in the molecular weight of light chaini (27,000) and light chain 2 (21,500) of heavy chain,, or in the peptide map of heavy chain,, nor were there any differences between papillary muscles and the ventricular free wall in the molecular weight of light chaini (27,000) and light chain 2 (21,500) of heavy chain,j or in the peptide map of heavy chain«. However, the relative amounts of myosin isozymes in the ventricular free walls and papillary muscles may not be identical within the same heart. Analysis of the force-velocity curves indicated that the speed of papillary muscle shortening is correlated with the relative amount of V! myosin present in each papillary muscle. Papillary muscles that contain 100% V! myosin shorten, under zero load, approximately six times faster than papillary muscles that contain 100% V 3 myosin. Our results indicate that changes in the relative amounts of myosin isozymes are responsible, at least in part, for sustained alterations in the speed of papillary muscle shortening. (Circ Res 54: 586-594, 1984) CONSIDERABLE variation exists in the maximum speed of shortening of papillary muscles obtained from different species (Bodem and Sonnenblick, 1975) . There are also reports of sustained alterations in the speed of shortening of isolated papillary muscles as a result of prolonged periods of physiological (Meerson et al., 1980) and pathological stress (Alpert and Mulieri, 1982) . For example, it has been stated that papillary muscles obtained from hearts of thyrotoxic adult rabbits shorten more quickly and reach peak isometric tension much sooner than those of aged-matched euthyroid controls (Skelton et al., 1976; Alpert and Mulieri, 1982) . The variation in the speed of shortening of isolated papillary muscles is probably due to modification of protein and/or membranous structures intrinsic to the muscle cell, since the differences persist in the absence of neural and humoral regulation.
Although it has been shown that the maximum speed of muscle shortening and the rate of myosin and/or actomyosin ATPase activity, an index of the rate of myosin crossbridge cycling, are positively correlated (Barany, 1967; Carey et al., 1979) , the mechanisms that regulate the speed of muscle shortening remain unclear. Whereas there is some evidence to suggest that myosin P-light chain phosphorylation may play a role in altering tension de-velopment and speed of shortening in some muscle types (Barany et al., 1979; Manning and Stull, 1979; Dillon and Murphy, 1982) , most evidence indicates that myosin P-light chain phosphorylation does not play a role in altering contractility of cardiac muscle (High and Stull, 1980; Westwood and Perry, 1981; Holroyde et al., 1979) .
An attractive hypothesis to explain the differences in the maximum speed of shortening among papillary muscles is that the speed of shortening is regulated, on a long-term basis, through changes in the relative proportions of cardiac myosin isozymes. The original work of Hoh et al. (1978) showed that three isozymic forms of myosin (Vi, V 2 , and V 3 ) exist in rat cardiac ventricle. Three isozymic forms of myosin have also been found in the rabbit ventricle; they have been named RV], RV2, and RV 3 , according to their decreasing electrophoretic mobility on pyrophosphate polyacrylamide gels and decreasing Ca ++ -stimulated ATPase activity . The relative proportions of myosin isozymes in rabbit ventricle have been shown to change in response to T« administration (Flink and Morkin, 1977; Martin et al., 1982; Chizzonite et al., 1982; Litten et al., 1982) , pressure overload hypertrophy (Litten et al., 1982) , and with aging of the animal Chizzonite et al., 1982) .
In view of the above results, we wanted to know whether the relative amounts of papillary myosin isozymes present correlate with the speed of muscle shortening. We did this by determining a forcevelocity curve and the relative amounts of myosin isozymes for each individual papillary muscle. In a study performed by Schwartz et al. (1981) , in which only the unloaded speed of muscle shortening was measured, evidence was presented which suggested that a correlation between maximum speed of shortening of intact cardiac muscle and relative amounts of myosin isozymes may exist for the rat heart. It is not known, however, if the speed of muscle shortening against external loads is correlated with the relative proportions of myosin isozymes.
In addition, we also determined if the structure and relative amounts of myosin isozymes are the same in the ventricular walls and papillary muscles of the rabbit heart. In many studies, data obtained in experiments that measure force development and rate of shortening of papillary muscles are used to make inferences about the contractile properties of the corresponding ventricular walls. This practice would appear to be acceptable if the relative amounts and molecular structure of myosin from papillary muscles are the same as that in the ventricular free wall.
Methods
Male New Zealand rabbits, ages 4-24 weeks, were housed individually and given Purina Rabbit Chow and water ad libitum. Rabbits were injected with thyroxine, 150 MgAg body weight, (T«, Sigma Chemical Company) or an equivalent volume of saline for 7 days. The animals were weighed daily, and if their body weight fell to 80% of the initial value, the daily dose of T 4 was omitted.
Dissection of Muscle
The rabbits were killed by decapitation. The thoracic cavity was immediately opened, and the heart removed. Beating of the heart was stopped by immersion in an ice cold physiological solution gassed with 100% oxygen. The partial pressure of oxygen of the solution was 650 mm Hg as determined by an oxygen-sensitive electrode. The solution contained 144 mM Na + , 4.2 mM K + , 1.2 mM Mg ++ , 126.2 mM Cl", 1.2 mM SCV~, 7.4 mM HEPES buffer, 5.6 mM glucose, 2.5 mM Ca ++ , and insulin (5 U/1000 ml). The pH of the solution was 7.40.
The heart was trimmed of extraneous tissue, transferred to a silicone elastomer dish filled with cold oxygenated physiological solution, and opened by an incision at the apex. Two incisions were made from apex to base along the outer boundaries of the right ventricular free wall, which was subsequently pinned back. Right ventricular papillary muscles were examined under a binocular microscope for suitability, i.e., uniform width, large aspect ratio, and moderate size. If a suitable muscle was found, three sutures of 10-0 monofilament nylon thread were placed as follows. One suture was tied near the origin of the cordae tendonae of the papillary muscle and tightly knotted. A second suture was placed through the ventricular septum, with the use of a needle, and around the base of the muscle, at the point where the papillary muscle attached to the ventricular septum. The suture was tied tightly enough to only slightly deform the base of the muscle. A third suture was placed by means of a needle into the ventricular septum approximately 1.0-1.5 mm distal to the base of the papillary muscle, pulled tight, and knotted. The papillary muscle and enough of the ventricular septum, to include the sutures, were dissected from the heart with microscissors and transferred to the experimental chamber filled with 18-21°C oxygenated physiological salt solution. The muscle was mounted between stainless steel wires (125 /im in diameter) projecting from the force transducer and the motor. This was done by first tying the suture knotted to the tendon around the transducer wire, then tying the sutures knotted to the ventricular septum to the motor wire so that the end of the wire reached to the suture at the base of the muscle. The muscle then was stretched slightly to minimize distortion of its base. At this point, the chamber was quickly drained of solution, the ends of the muscle blotted dry, and a small amount of cyanoacrylate adhesive (Histoacryl, TriHawk International) was carefully applied over the cut end of the muscle up to the suture at the base, and over the tendon and tendon suture. Excess adhesive was removed by blotting, and the chamber was quickly refilled with oxygenated physiological solution. The glueing procedure was usually completed within 45 seconds.
Physiological Measurements
After a muscle was tied to the force transducer and servo-motor, the experimental chamber was moved to the stage of another microscope. The physiological solution was continuously gassed with 100% oxygen. Temperature was automatically controlled and maintained at 25 ± 0.5°C. Stimulus pulses of alternate polarity were delivered continuously from platinum plate electrodes at a rate of 6/min. The stimulation amplitude was set to 1.3 times that required for maximal twitch tension. The servo-motor and the tension transducer were as described by Julian and Morgan (1979) . A tension feedback loop and a circuit to switch from length control to force control were also used. Tension and length signals were recorded on a Tektronix dual beam storage oscilloscope. Initially, a muscle was stimulated to produce isometric twitches over a period of about 2 hours. During this period, incremental increases in muscle length were made until the length was reached at which a further increase in length produced a decrease in isometric tension (optimum length).
The velocity of shortening was measured at 95% of optimum length by generating force-velocity curves as previously described by Julian et al. (1981) . This was done by releasing the muscle every sixth stimulation under various constant loads so that the muscle could shorten during the rising phase of the twitch. The time of release was 50-60% of the time required to reach peak isometric tension. This time interval was chosen because we found in preliminary studies that within this time interval the velocity of muscle shortening was independent of the time of release. The slope of the length trace was measured by eye, about 5 msec after the muscle was released, when a steady force and velocity had been attained. We use the notation P' to refer to the force at the point in time when the muscle was released. We use the notation P to refer to the load the muscle shortened against after it was released from P'. For each muscle, about 10 to 15 datum points were used to construct a force-velocity curve. Of the 30 rabbit hearts used for the physiological measure-ments, the results from only 16 preparations were suitable for analysis. The reasons for rejecting hearts or data from 14 rabbits are as follows: five hearts did not have suitable papillary muscles for physiological analysis; five papillary muscles failed (i.e., pulses alterans, irreversible conrracture) during the course of physiological analysis or an optimum length could not be established; and finally, we were unable to obtain complete data from four preparations because the volume of the myosin sample was too small or the gel electrophoretic procedure failed when we attempted to determine the relative proportions of myosin isozymes. The procedure used to evaluate papillary muscles for the relative amounts of myosin isozymes is described below.
Separation of Myosin Isozymes
After a force-velocity curve was obtained for a papillary muscle, the same muscle was evaluated for the relative amounts of myosin isozymes. The muscle was removed from the experimental chamber and a myosin-enriched fraction was prepared in the following manner. The papillary muscle, carefully cleaned of remnants of the ventricular septum, was homogenized using a Teflon/glass tissue homogenizer in 20 volumes of an ice cold solution containing 10 rriM imidazole, 5 rriM /3-mercaptoethanol, leupeptin (5 ^g/ml), and pepstatin (5 ^g/ml), pH 7.0. The homogenate was centrifuged in a microfuge at 12,000 g for 15 minutes. The pellet was resuspended in 10 volumes of a solution containing 100 mM tetrasodium pyrophosphate, 5 ITLM EDTA, leupeptin (5 /xg/ml), pepstatin (5 jig/ ml), and 10% glycerol (vol/vol), pH 8.8. The homogenate was placed on ice for 4 hours then centrifuged at 12,000 g for 30 minutes. The supernatant extract was combined with an equal volume of ice cold glycerol and stored at -20°C. The extracts were analyzed within 3 days. The extract (2-5 jil) was loaded on pyrophosphate polyacrylamide gels (4% T, 3% C), and the myosin isozymes separated according to the method of Hoh et al. (1978) with modifications . The samples were electrophoresed in a Pharmacia electrophoresis chamber at a constant current setting of 2.0 mA/tube for 6 hours, followed by 14 hours at a constant voltage of 14 V/cm gel length. The electrophoresis buffer (20 mM tetrasodium pyrophosphate, 10% glycerol (vol/vol) was maintained at a temperature of 2°C and at a pH of 8.8. The gels were stained in 0.5% Coomassie Brilliant Blue R, initially destained in 30% methanol and 7.5% acetic acid for about 5 hours, and then destained in 5% methanol and 7.5% acetic acid. The relative protein content of the destained gels was determined by light densitometry, at a wavelength of 580 nm, using the gel scanning unit for a Gilford spectrophotometer (model 2400/2). Areas under the peaks of the densitometric gel scans were integrated to determine the relative amounts of RV], RV2, and RV 3 myosin, as previously described by Martin et al. (1982) . The outer edges of the scan were used to define a symmetrical peak for RV, and RV 3 . The area under the RV 2 peak was fitted, using either RVi or RV 3 as a pattern. The analysis of rat ventricular myosin isozymes by Hoh et al. (1978) and the analysis of rabbit ventricular myosin isozymes by Chizzonite et al. (1982) showed that two heavy chain (HC) variants, H Q and HQ, are in the ventricle. The V, myosin is a homodimer of HQ, V 3 is a homodimer of HQ, and V 2 is a heterodimer of H C and HQj. Therefore, the relative amounts of HC a and H Q in our preparations were calculated by dividing the relative amount of Circulation Research/Vol. 54, No. 5, May 1984 RV 2 myosin (HQ and HQ) equally between the RV, myosin (HQ) and the RV 3 myosin (HQ).
Separation of Myosin Heavy and Light Chains
After pyrophosphate gel electrophoresis, the gels were stained briefly (10 minutes) with a solution of 3.5% perchloric acid containing 0.05% Coomassie Brilliant Blue G-250. The bands corresponding to the RV] and RV 3 myosin isozymes were sliced from the gels, immediately frozen, and stored at -20°C. The gel slices were layered on SDS slab gels consisting of 2.5 cm of 4% acrylamide (stacking gel) and 9.5 cm of 14% acrylamide (separating gel). The heavy chains and light chains were separated by electrophoresis according to the method of Laemmli (1970) and silver stained according to the method of Morrissey (1981) .
Peptide Mapping of Myosin Heavy. Chains
One-dimensional peptide mapping of H Q (RVi) and HQ (RV 3 ) from papillary muscles and segments of the ventricular walls was performed by the method of Cleveland et al. (1977) with only minor modifications. RV] or RV 3 myosin isozymes, sliced from pyrophosphate gels as described above, were incubated at 4°C for 16 hours in a solution containing 50 mM tetrapotassium pyrophosphate, 50% glycerol, 1% /3-mercaptoethanol, 5 mM dithiothreotol, 40 ng/ml papain, and 40 ng/ml trypsin, pH 8.8. After incubation with the proteolytic enzymes, the slices were washed for 2 hours with a solution similar to the one described immediately above, without papain and trypsin, and at a pH of 4.0. The slices (one or two which contained approximately 1-2 ng of myosin) were transferred to the wells of the stacking gel. The results of the peptide map analysis were the same, whether samples were exposed to proteolytic enzymes before or after application to SDS gels. The samples were electrophoresed at 10 mA/plate for approximately 3 hours, followed by electrophoresis at 20 mA/plate until the dye front ran off the gel. The temperature of the electrophoresis buffer was maintained at 15°C. Polypeptides were silver stained according to the method of Morrissey (1981) .
Statistical Analysis
Hearts of rabbits were individually processed. Results are expressed as mean ± SEM. Statistical significance of the correlation coefficient r (Ho: r = 0) was determined by Student's f-test. The level of significance was set at a probability value of 0.05.
Results
Myosin isozymes, in myosin extracts prepared from single papillary muscles or from 3-to 5-mg segments of the ventricular free wall, were separated by pyrophosphate polyacrylamide gel electrophoresis. We show in Figure 1 that, similar to the walls of the heart, papillary muscles contain up to three isozymic forms of myosin, and their relative amounts of myosin isozymes can vary. The relative amounts of RVi and RV 3 myosin isozyme in right ventricular papillary muscles from 4-, 5-, 12-, and 24-week-old rabbits are given in Table 1 . Papillary muscles of 4-week-old rabbits contain 100% RVi myosin, the myosin with the highest Ca ++ -stimulated ATPase activity. By 5 weeks of age, the RV 3
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ATPase activity. Only the RV 3 myosin isozyme was found in papillary muscles of 24-week-old rabbits.
Table 1 also gives the relative amounts of papillary myosin isozymes for rabbits administered thyroxine (T 4 ) for 7 days. Thyroxine administration did not alter the proportions of myosin isozymes in papillary muscles from 4-week-old rabbits whose papillary muscles initially contain 100% RV! myosin. However, there was an increase in the relative amount of RV] myosin in papillary muscles from hearts of 5-week-to 24-week-old rabbits. Irrespective of age, papillary muscles contained relatively more RVi myosin after the rabbits were injected with T 4 , compared to the euthyroid age-matched controls. These results are consistent with studies showing an increase in the relative amount of RV! myosin in rabbit ventricle following T 4 administration litten et al., 1982) .
Myosin isozymes from papillary muscles and from areas of the corresponding ventricular free wall were examined under native and denatured conditions by polyacrylamide gel electrophoresis. Figure 2 shows that the RVi, RV^ and RV 3 myosin isozymes from papillary muscles and the ventricular free wall comigrate on pyrophosphate gels, indicating a similarity in their molecular charge.
To separate the myosin heavy and light chains, the RVi and RV 3 myosin isozymes were cut from FIGURE 1. Comparison of papillary myosin isozymes from the hearts of a 5-, 12-, and 24-week-old rabbit. Myosin isozymes were separated by electrophoresis on pyrophosphate polyacrylamide gels. Details of the procedure are given in Methods. myosin appears; however, there is still relatively more RVi myosin. Papillary muscles of 12-week-old rabbits contain relatively more RV 3 myosin, the myosin isozyme with the lowest Ca ++ -stimulated 
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The relative amounts of H Q and H Q were determined for 4-, 5-, 12-, and 24-week-old rabbits. Rabbits were injected daily with thyroxine (T«) or an equivalent volume of normal saline for 7 days. Myosin isozymes were separated by electrophoresis on pyrophosphate polyacrylamide gels. The amount of RV 2 myosin was divided between the amounts of H Q and H Q myosin, as discussed in Methods. Fig. 1) from a 12-weekold rabbit. The two extracts were combined and layered on a single  polyacrylamide gel and separated by electrophoresis. pyrophosphate gels and electrophoresed on 14% SDS slab gels. The results illustrated in Figure 3 , A-D, show that RVj and RV 3 light chain (LC) 1 (27,000) and RV, and RV 3 LC 2 (21,500) from papillary muscles and from the ventricular free wall have the same electrophoretic mobility on SDS gels. The heavy and light chains of the RV! and RV 3 myosins from papillary muscles and ventricular free wall were fragmented by exposure to papain and trypsin. Indicated on Figure 3 , E-N, are the major areas ( 1 -4) of the peptide map where there were substantial differences between HC a and HC^. However, there were no differences between the peptide maps of HC n from papillary muscles and ventricle or between the peptide maps of HC^ from papillary muscles and ventricle. In all of the columns labeled A to N in Figure 3 , two bands appear which are not related to the samples layered on the gel. No samples were applied to columns J and L, yet these two bands are present.
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FIGURE 2, Polyacrylamide gel and densitometric scan showing the electrophoretic profile of myosin isozymes in the right ventricular free wall and right ventricular papillary muscle (
To determine whether the relative amounts of myosin isozymes are the same in papillary muscles and left and right ventricle, myosin extracts were prepared from 3-to 5-mg samples, taken randomly, from areas of the left and right ventricular free wall and from papillary muscles of the same heart. The Circulation Research/ Vol. 54, No. 5, May 1984 results in Table 2 indicate that there is no significant variation in the relative amounts of myosin isozymes in hearts that contain one isozymic form of myosin. Although the proportions of myosin isozymes in different regions of some of the hearts were similar, there were hearts that showed differences in the relative amounts of papillary, left and right ventricular myosin isozymes. We consider the differences among these values to be significant, since repeated analysis of the same myosin extract yields results that are within 5%.
The primary aim of this study was to determine whether the speed of muscle shortening is related to the relative amounts of myosin isozymes present. We did this by constructing a force-velocity curve and measuring the relative amounts of myosin isozymes in the same papillary muscle. Table 3 gives the length, weight, and cross-sectional area of the papillary muscles used in the study. Papillary muscles that contained a mixture of RVi and RV 3 myosins showed the greatest variability in length and weight, presumably because these papillary muscles were obtained from both saline-and T 4 -injected rabbits of different ages. Shown in Figure 4 are force-velocity curves for six papillary muscles that contained either 100% RVj or RV 3 myosin. Over the LCi (27,000) and of LC 2 (21,500) was the same for the RV, and RV } myosins of papillary muscles and ventricular free wall. The two bands which appear at the top of the columns A-N, between the heavy and light chains, are contaminants which are not associated with the samples. Columns E, F, 1, K show peptide fragments of HCa of papillary muscles (E.I) and ventricular free wall (F,K) . Columns of G, H, M N show peptide fragment of HC t of papillary muscles (C,M) and ventricular free wall (H,N) . Columns ] and L show the bands which appear, even if no protein samples are applied to the column. The numbers 1-4 show areas of major differences in the peptide maps of HC a and HCg. Details of this procedure are given in Methods. The relative proportion of H C and HC fl were determined for a 3-to 5-mg segment of the left ventricular free wall (LV), right ventricular free wall (RV), and an entire right ventricular papillary muscle (RVP) from the same heart. Rabbits were injected daily with thyroxine or an equivalent volume of normal saline for 7 days. The relative amounts of HC O and HCj were determined as described in Methods. entire force-velocity curve, papillary muscles that contained 100% RVi myosin shortened more quickly than those which contained 100% RV 3 myosin. The difference in shortening speeds was not related to the resting tension present. For example, papillary muscles denoted by the triangles in Figure 4 had similar resting tensions at 95% L^,*.
. Myosin heavy and light chains and peptide fragments ofHC a and HC t of papillary muscles and ventricular free wall as seen on 14% polyacrylamide gels. Columns A (RV h papillary muscle), B (RVi, ventricular free wall), C (RVj, papillary muscle), and D (RV,, ventricular free wall) show separation of heavy and light chains of myosin isozymes. The molecular weight of
Data summarized in Figure 5 , A and 5B, show the relation between the percentage of RV a myosin and the speed of muscle shortening at zero load and at 50% isometric tension (50% P'). These data indicate that the speed of muscle shortening is positively correlated with the percentage of RVi at both zero load (r = 0.96) and 50% P' (r = 0.95). We chose to plot the percent of RVi against the speed of shortening at these two different loads to show that the correlation between shortening speed and the percentage of RVi myosin present is not load dependent. The correlation between speed of shortening and percentage of RV] was not significantly influenced by either muscle length, muscle weight, or resting tension present at 95% U^.
Discussion
The main goal of this study was to determine whether the speed of muscle shortening is related to the relative amounts of myosin isozymes present in the same papillary musde. Our study confirms the results previously reported by Schwartz et al. (1981) that the unloaded speed of papillary muscle shortening is correlated with the amount of RV] myosin present. In addition, we present evidence that the speed of cardiac muscle shortening is also related to the amount of RVi myosin present at all loads ranging from just below P o to Vmnx-Examination of the RVi heavy chains and light chains and the RV 3 heavy chains and light chains from papillary muscles and from segments of the ventricular wall indicated that the structure of the myosin isozymes between these areas of the heart are the same. However, in some T 4 or saline-injected rabbits, we observed differences in the relative amounts of myosin isozymes between regions of the left and right ventricular free wall and papillary muscle from the same heart (Table 2 ). This finding is in agreement with the data of Sartore et al. (1981) . Using an immunohistochemical method to identify the HC a and HQj of rabbit ventricle, they showed that the relative amount of HC a and H Q may not be the same throughout the ventricular wall. We found that the extent of the non-uniformity in the relative amounts of myosin isozymes in regions of n 4 5 7 0.640 ± 0.0530 0.820 ± 0.1350 0.750 ± 0.0980
Comparison of weight, length, and cross-sectional area of right ventricular papillary muscles that contained either 100% RV, myosin, 100% RV 3 myosin, or a mixture of RV, and RV 3 myosin. Data are given as the mean ± SEM. Papillary muscles were cleaned of tendons and the ventricular septal wall, blotted dry, and then weighed. The musde length, at La^, was measured by light microscopy. Crosssectional area was calculated by dividing muscle weight by musde length. the heart was not consistent among rabbits. Since the differences in the relative amounts of myosin isozymes among these areas of the heart is much greater than the variation for repeated analysis of the same myosin sample, we think that the differences among areas of the heart represent biological variability rather than methodological variability. Loiselle et al., (1982) reported that the differences in the relative amounts of myosin isozymes between rat papillary muscles and the corresponding ventricle were insignificant, based on linear regression analysis. However, their analysis shows that there can be as much as 25% more Vj (HC O ) myosin in a rat papillary muscle compared to a segment of the corresponding ventricular wall. The differences they reported in the relative amounts of myosin isozymes between regions of the rat heart are similar to the differences we have found between regions of the rabbit heart. It is not entirely clear to us why some hearts show regional differences in the relative amounts of myosin isozymes, while other hearts do not. Although all animals were housed, fed, and treated in a similar manner, other factors, like physical activity, caloric intake, or size of the litter from which the rabbits were taken, which were not controlled, may have contributed to the biological variability within the isozyme population. It is interesting that the differences in the relative amounts of myosin isozymes, among regions of the rabbit heart, occur in the presence of a presumably equal concentration of serum T*. One explanation for the differences in the relative amounts of myosin isozymes is that the density of T 4 receptors is variable throughout the heart. Another explanation is that the proportions of myosin isozymes change as a consequence of the load myocytes bear at different regions of the ventricular free wall. Neither of these possibilities has been examined extensively.
Our results indicate that the speed of shortening is related to the relative amounts of RV a or RV 3 myosin present in papillary muscles. However, other factors that could influence the speed of papillary muscle shortening, such as the activating level of cytosolic free calcium (DeClerk et al., 1977) , were not examined and thus cannot be ruled out. Although the results from experiments with glycernated strips of cardiac muscle, in which the activating level of free calcium was held constant, have also suggested that the speed of shortening is correlated with the relative amounts of myosin isozymes (Ebrecht et al., 1982) , in our study, there were papillary muscles with the same relative amounts of myosin isozymes that did not shorten at the same velocity at the same load. For example, under zero load, a papillary muscle with apparently all RV 3 myosin shortened at 0.4 muscle length/sec while another papillary muscle with apparently all RV 3 myosin shortened at 0.8 muscle length/sec (Fig. 5A) . It is possible that the muscle which shortened more quickly may have contained a small amount of RVi myosin, not detectable by gel electrophoresis. In general, the speed of muscle shortening was closely related to the relative amounts of myosin isozymes present. Along the entire range of the force-velocity curve, isolated papillary muscles that contained 100% RVi myosin shortened quicker than papillary muscles that contained 100% RV 3 myosin (Fig. 4) . A plot of speed of shortening measured at zero load or 50% P' vs. relative amount of RVi myosin present emphasizes this point (Fig. 5) . Comparison of the velocity of shortening and percentage ofRV, myosin measured at zero load (5A) and at 50% P' (5B). For 16 preparations, the correlation coefficient for the relation between the velocity of shortening al zero load and %RV, myosm is +0.94 and for the relation between velocity of shortening at 50% P' and %RV t is +0.96.
Sustained changes in the speed of papillary muscle shortening presumably reflect the rate of crossbridge cycling. As mentioned above, changes in myosin Ca ++ -ATPase activity have been associated with changes in the relative amounts of RVi and RV 3 myosin. It has been reported that the ratio of the Ca ++ -ATPase activity of rabbit RV, and RV 3 myosin is approximately three when measured in a myofibrillar lattice, and approximately four when measured for an isolated myosin preparation (Iitten et al., 1982; Banerjee et al., 1983) . In the present study, however, the ratio of the unloaded speeds of shortening of papillary muscles which contained either 100% RVj or RV 3 myosin was approximately six. One may expect that the ratio of shortening speeds and ratio of Ca ++stimulated myosin ATPase activities be nearly identical, yet this was not observed. The discrepancy between the ratio of the Ca ++ -ATPase activities for RVj and RV 3 myosin and between the ratio of the rates of unloaded shortening for muscles containing either RVi or RV 3 myosin could be due to the diverse conditions under which these measurements were made.
Acute changes in the speed of cardiac muscle shortening have also been shown to occur in response to /3-adrenergic stimulation (Sonnenblick et al., 1965) and to changes in temperature. Whether membrane and/or protein phosphorylation, which have been found to change in the heart in response to /9-adrenergic stimulation (Kranias and Solaro, 1983) , were responsible for the differences in the speed of shortening among papillary muscles was not examined and, thus, cannot be totally ruled out. Although it has been shown that the level of phosphorylation of myofibrillar proteins isolated from the hearts of thyTOtoxic rabbits and exercised rats are the same as controls Iitten et al., 1979) , isolated intact papillary muscles from hearts of rats exercised by swimming (Meerson et al., 1980) and from hearts of thyrotoxic adult rabbits (present study) shorten more quickly than controls.
It is still unclear why the relative amounts of cardiac myosin isozymes sometimes change in response to prolonged periods of stress, such as that induced by thyroid hormone imbalance, endurance swimming, and pressure overload, or sometimes change with the age of the animal. The direction of the change in the proportion of cardiac myosin isozymes also cannot be predicted by the presence or absence of stress-induced cardiac hypertrophy. For example, cardiac hypertrophy which may be induced by T 4 administration in the rabbit is associated with an increase in the relative amount of RV] myosin, whereas cardiac hypertrophy induced by pulmonary constriction in the rabbit is associated with a decrease in the relative amount of RV] myosin (Litten et al., 1982) . Moreover, it has been shown that endurance swimming in the euthyroid male rat results in an increase in the relative amount of Vi myosin which is not accompanied by cardiac hypertrophy; yet endurance swimming in the hypothyroid male rat results in no change in the relative amounts of myosin isozymes but does produce cardiac hypertrophy (Pagani and Solari, 1983) . In none of the above studies was the speed of cardiac muscle shortening compared to the relative proportions of myosin isozymes present in the same muscle sample. Therefore, it is not possible to conclude that the speed of muscle shortening and the type of myosin isozyme present is significantly correlated in all instances of stress-induced cardiac adaptation. Another issue that needs to be resolved is whether the myosin isozymes present in a single cardiac cell (Samuels et al., 1983) are also present in the same sarcomere, and if so, how do two myosins with significantly different biochemical and mechanical properties function during muscle contraction.
